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Abstract          
Black phosphorus (BPh) is a layered material with strong in-plane anisotropy of its structural and 
electronic properties; in spite of the great potential of BPh for conceptually new devices in 
optoelectronics and plasmonics, its fundamental electronic excitations have not yet been fully 
elucidated. In order to discriminate collective (plasmons) and single-particle (inter band transitions) 
excitations, we investigate the energy-loss distribution of P 1s photoelectrons in hard X-ray 
photoelectron spectra of BPh over a wide energy range. The energy-loss function (ELF), averaged 
over the principal directions of the BPh crystal, has been retrieved by using a Fourier Transform 
analysis to eliminate multiple inelastic scattering events. At low loss energies (1-8 eV), weak 
unresolved energy loss peaks are well described by DFT calculated inter band transitions, showing 
some anisotropy in the dielectric function  tensor of BPh. At high loss energies, the ELF is 𝜀(𝜔, 𝑞)
dominated by the collective excitation of valence electrons with a peak energy at 20.1±0.2 eV, weak 
anisotropy is found in the DFT calculated Im( ) tensor. The anomalously small peak energy ―1/𝜀
(9.0±0.5 eV) of a weak surface plasmon resonance is attributed either to low surface electron 
density in the terminal phosphorene layer or to some anisotropic surface plasmon propagation.
Keywords: black phosphorus, XPS, HAXPES, energy loss, plasmon 
1.  Introduction
Black Phosphorus (BPh) is the thermodynamically stable phosphorus allotrope, with a puckered 
orthorhombic structure (a = 0.331 nm, b = 1.048 nm, c = 0.438 nm, α = β = γ = 90°) and high atom 
density (NAT = 5.23×1028 m-3,  = 2690 kg.m-3) [1-5]. BPh is formed by a stack of two-dimensional 
(2D) phosphorene layers held together by weak van der Waals forces. Within the phosphorene 
layer, each sp3-hybridized P atom is covalently bonded to three neighbors, with two bonds within 
the same plane, and a third bond connecting P atom located at the top and bottom of the 
phosphorene layer (Fig. 1). Hence, in contrast with graphene where the carbon monolayer is strictly 
flat, BPh has a puckered structure, where each single sheet can be seen as a bilayer of P atoms.
Intensive search for tunable 2D materials beyond graphene for electronic and opto-electronic 
applications [5-9] has boosted scientific interest in BPh as a semiconductor with a narrow (0.31-
0.35 eV) direct band gap and high carrier mobility [10-13]. The in-plane structural anisotropy (Fig. 
1), with armchair configuration in the x-direction (c axis) and zig-zag configuration in the y-
direction (a axis) [1], results in strong anisotropy of the dielectric function  [14], electron 𝜀(𝜔, 𝑞)
and hole effective masses [15] or phonon properties [8] within the x-y plane. 
Such unique electronic, optical, transport, thermal and mechanical properties can be exploited in the 
design of conceptually new devices, e.g. field effect transistors [7, 8, 16, 17], optoelectronic devices 
[17, 18] and plasmonic applications [8, 19, 20]. Besides the above applications, BP has also been 
tested as a new material for water splitting, photovoltaic solar cells and photodetectors [5, 6, 17, 
21]. For sensors and electrochemical energy-storage devices [21], BPh possesses a much higher 
surface to volume ratio than most other available 2D layered materials because of its puckered 
lattice configuration.
Different approaches have been used for band structure calculations, including tight binding [22-24] 
or self-consistent pseudopotential [24] methods, and density functional theory (DFT) [25-30]. 
Theoretical calculation of the orbital-resolved DOS shows that the upper valence band is dominated 
by  orbitals while deeper states have mostly  and  character. The electronic structure of BPh 𝑝z 𝑝x 𝑝y
has been experimentally investigated using photoelectron spectroscopies. The valence band density 
of states (DOS) has been characterized by X-ray Photoelectron Spectroscopy (XPS) [14, 31-33] and 
by angle-resolved UPS [30, 34, 35]. In addition, photoelectron diffraction reveals that the structure 
of the top phosphorene layer is very similar to that expected for the bulk, indicating weak 
interaction between the bilayers [4]. Surface studies require a controlled cleavage because UV-
assisted oxidation occurs upon exposure of BPh to air and water [36-39].
In XPS spectra, for both P 2s and P 2p core levels, well-defined photoelectron energy loss peaks 
(observed up to second order) were attributed to plasmon excitations; the bulk plasmon energy 𝐸BP 
≈ 20.0±0.2 eV [14, 31-33] found in photoelectron energy loss spectroscopy (PEELS) is slightly 
higher than the loss energy in EELS spectra (19.3 eV) [36]. This collective and coherent oscillation 
at ≈ 20.0±0.2 eV involves all valence band electrons (five per P atom). However, the bulk 𝐸BP 
plasmon in BPh shows a single main peak, in contrast with many 2D layered materials, such as 
graphite [40-41], transition metal dichalcogenides (TMD) [42-43] and boron nitride h-BN [44-45], 
where a subset of occupied valence band states is involved in some additional low-energy plasmon; 
this so-called  plasmon (as opposed to the high energy   plasmon which involves all valence 
band electrons) observed for in-plane momentum transfer is generally found 
below 10 eV.
Although BPh offers a great potential for conceptually new devices in optoelectronics and 
plasmonics, its fundamental electronic excitations have not yet been fully elucidated. In this work, 
in order to discriminate collective and single-particle excitations, we investigate the loss energy 
distribution of P 1s photoelectrons in hard X-ray photoelectron spectra (HAXPES) of BPh over a 
wide energy range. Two consequences arise from the large photoelectron kinetic energy value ( ): 𝐸0
a) HAXPES is essentially a bulk technique related to the relatively small inelastic scattering rate, 
i.e. large inelastic mean free path (IMFP); b) in the low loss-energy range, the observation of weak 
inter band transitions (IBT) is favoured due to a strong decrease of the probability of exciting 
surface plasmon modes [46].
Section 2 describes experimental details and DFT calculations of the electronic structure. HAXPES 
has been used for the first time to measure the energy-loss distribution of P 1s photoelectrons 
(binding energy 2144.0 eV) with a monochromatic synchrotron source. In anisotropic crystals, DFT 
calculation of the orbital-resolved density-of-states (DOS) distributions, dielectric function tensor < 
) > and loss function tensor < Im(−1/ ) >  is crucial for the interpretation of the 𝜀(𝜔, 𝑞  𝜀(𝜔, 𝑞)
effective energy loss function (ELF), e.g. to discriminate collective vs single-particle energy loss 
mechanisms.
Section 3 details the procedure for a quantitative analysis of HAXPES-PEELS data. Well-defined 
equidistant energy-loss peaks correspond to successive plasmon excitations. Their spectral 
distribution being described by multiple convolution products of the ELF distribution corresponding 
to a single excitation, the Fourier Transform (FT) method described previously [47] is well suited to 
analyze PEELS data in order to retrieve the energy loss function. This classical dielectric model 
assumes identical ELF distributions for intrinsic plasmon production (sudden creation of a core 
hole) and extrinsic plasmon excitation along the electron path across the solid to the surface. Note 
that, in contrast with metals [48, 49], the shape of the core level peaks in the BPh semi-conductor is 
quasi-symmetrical; hence a small overlap is found between the zero-loss peak (ZLP) tail and the 
surface plasmon (SP) or bulk plasmon (BP) distributions.
In Section 4, the retrieved ELF is compared with the dielectric function and energy loss function 
derived from the DFT calculated electronic structure, along the BPh crystal principal axes. The ELF 
is dominated by a bulk plasmon at 20.1 eV while a weak energy loss peak near 9 eV is attributed to 
some surface plasmon resonance, since no significant inter band transition occurs in the latter 
energy range. Weak unresolved loss peaks at low energy (1-8 eV) are attributed to inter band 
transitions.
The retrieved ELF represents a weighted average over the principal directions of the BPh crystal. In 
our HAXPES experimental conditions, at normal emission angle, the Appendix shows that the 
typical orientation of the plasmon wave vector, with respect to the principal crystal axes, provides 
efficient averaging of the anisotropic dielectric properties of BPh over the principal axes.
2.  Experiment and  spectral analysis
2.1  HAXPES experiment
Hard X-ray Photoelectron Spectroscopy (HAXPES) experiments were performed at the Bessy II 
synchrotron radiation facility (Helmholtz-Zentrum Berlin) at the double crystal monochromator 
equipped dipole beamline KMC-1 [50] and the high kinetic energy (HIKE) end-station [51]. For the 
overview XPS spectra obtained at 3 keV X-ray energy, the first order harmonic of a Si(111) crystal 
was used. The P 1s core-level spectrum was recorded using the third harmonic of 2005 eV, i.e. 6015 
eV X-ray energy. The large value of the photoelectron inelastic mean free path in BPh, ( = 3870 𝐸0
eV) ≈ 7.7 nm, derived from the TPP-2M model [52] (using the atom density, NAT = 5.23×1028 m-3, 
the plasmon energy,  = 20 eV, and the average IBT energy,  ≈ 5 eV) confirms the fact that 𝐸P 𝐸IB
HAXPES is a bulk technique.
The X-ray beam, oriented at grazing incidence, was linearly polarized with the polarization vector 
pointing out of the x-y plane (z direction). In this geometry, the differential photoelectric cross-
section is maximized at normal emission angle [53] (Appendix A). Electrons ejected from the 
sample near normal emission were collected using a VG Scienta R4000 electron analyzer with pass 
energy of 100 eV in transmission mode with ±16° acceptance angle. The P 1s line shape results 
from a convolution between the Lorentzian distribution of the core level excitation which 
corresponds to the lifetime, and the Gaussian instrumental broadening which combines beamline 
and spectrometer broadening functions; in our experimental conditions (Fig. 2), the P 1s Lorentzian 
width (FWHM = 0.42 eV) is larger than the Gaussian broadening (FWHM = 0.32 eV), hence the 
latter weakly affects the measured HAXPES spectra of BPh.    
A commercial (HQgraphene [54]) high purity (> 99.995 %) black phosphorus single crystal was 
prepared by cleaving the crystal in UHV using a roll of Kapton tape. XPS overview spectra (Fig. 2, 
inset) were measured with better surface sensitivity (smaller IMFP) using lower X-ray energy (3100 
eV); the binding energies (BE) were measured for the core level peaks P 2p3/2 at 129.87 eV, P 2p1/2 
at 130.72 eV and P 2s at 187.72 eV. Small carbon (0.7 at.%) and oxygen (3.9 at.%) adventitious 
contamination is probably due to adsorption of residual gases (base pressure in the 10-9 mbar range) 
since no indication of phosphorus oxide appears in the measured valence band or survey spectra 
(BE expected near 2150 eV (P 1s) or 135.8 eV (P 2p) for phosphorus pentoxide P4O10 [55]).
2.2  Physics of plasmon excitation
XPS-PEELS data analysis in isotropic materials has been described in detail elsewhere [37]. 
Photoelectron inelastic scattering excites a plasmon with energy  and wave vector q; energy and 𝐸𝑃
momentum conservation rules provide the plasmon wave vector q-components parallel ( ) and 𝑞  
perpendicular ( ) to the initial electron trajectory (Appendix A). For each value of the loss energy 𝑞⏊
T distribution, the sensitivity given by the Bethe-Born factor  is obtained by integration over 𝑓𝐶(𝑇)
all scattering angles, , up to a cutoff value (or cutoff wave vector ) above which plasmons 𝜗 𝜗𝐶 𝑞𝐶
decay into electron-hole pairs (Landau damping) [56]. For P 1s photoelectrons with  = 3870 eV, 𝐸0
the physically allowed range for plasmon wave vector values is between  = 0.84 nm-1 (  = 0) 𝑞 ― 𝜗
and  = 12.7 nm-1 (  = 40 mrad = 2.3°) at the main loss peak energy  = = 20 eV. 𝑞C 𝜗𝐶 𝑇 𝐸P 
In contrast with laboratory XPS equipment producing core level photoelectrons with moderate 
kinetic energy (  < 1.5 keV in most cases), large photoelectron kinetic energy up to 12 keV may 𝐸0
be obtained from synchrotron radiation in HAXPES experiments. Larger  values result in smaller 𝐸0
inelastic scattering rate, i.e. larger inelastic mean free path, and some attenuation of the surface 
excitation parameter (SEP) which represents the average number of surface plasmon excitation 
events per emitted photoelectron crossing the surface [46].  
In anisotropic solids, the orientation of the plasmon wave vector q with respect to the principal 
crystal axes depends on scattering angle and energy loss values (Appendix A). Due to the 
kinematic factor  where , [57-59], the inelastic scattering probability is 𝜃/(𝜗2 + 𝜗2𝑇) 𝜃𝑇 = 𝑇/2𝐸0
dominated by a narrow range of small scattering angles, close to  (  = 2.6 mrad = 0.15° at ELF 𝜗𝑇 𝜗𝑇
peak energy  = = 20 eV in BPh). This dominant angular range is depicted in Fig. A1 by the 𝑇 𝐸P 
bold vertical lines for some relevant energy values in the ELF distribution. The corresponding angle 
 with respect to the z normal-axis is expected in the range 35° <   < 55°. This result obtained for 𝛽 𝛽
HAXPES experimental conditions shows that plasmon excitation mechanisms provide efficient 
averaging of the in-plane and out-of-plane dielectric properties. This situation is typical of high 
kinetic energy values, , in contrast with laboratory XPS experiments which are experimentally 𝐸0
more sensitive to the out-of-plane loss function.
2.3  Fourier Transform analysis of PEELS data
No arbitrary background removal is performed in the PEELS distribution since all energy losses are 
assigned to plasmon excitations along with some inter band transitions, in line with previous 
assumptions [47, 57, 60, 61]. In this work, intrinsic plasmon excitations are overlooked [47] and the 
ELF is supposed to be independent of the photoelectron creation depth. 
In order to eliminate multiple-order losses, the FT algorithm requires accurate determination of 
zero-loss peak (ZLP) line shape, energy distribution of the X-ray photon source and electron 
analyzer resolution [47]. The ZLP is modeled as a convolution between Gaussian experimental 
broadening (FWHM = 0.31 eV,  = 0.187 eV) and Lorentzian natural line shape of the P 1s core 𝜎
level in BPh (FWHM =  = 0.426 eV). For metals, PEELS data analysis must take into account 2𝛤
the ZLP asymmetry due to low energy excitations between valence and conduction band states [48-
49]; in contrast, the very small ZLP asymmetry factor,  < 0.01, found in BPh is typical of 
semiconducting materials. 
2.4  DFT calculation
Knowledge of the electronic structure is important to discriminate collective vs single-electron loss 
mechanisms. In the case of BPh, the loss peak at 20 eV is clearly due to plasmon excitations; 
however, more information about inter band transitions is needed to understand the origin of the 
weaker loss peak near 9 eV.  
The electronic ground state of BPh was calculated with the density functional theory (ABINIT 
code) in the Perdew–Burke–Ernzerhof generalized gradient approximation (DFT-GGA) of the 
exchange-correlation functional, using norm-conserving Goedecker pseudo-potentials (HCTH-120) 
[62-64]. Experimental lattice parameters taken from the Library of Crystallographic Prototypes [3, 
65] are in excellent agreement with Ref. 14, after referential axes permutation: (x, y, z)  (y, z, x).→
In order to get the dielectric function for the three principal axes of the crystal, a computation of the 
ground state involving the first 10 bands plus 40 empty bands was made, followed by a computation 
of the real and imaginary parts of the dielectric function with the Optic module. The Brillouin zone 
was sampled using a 16 × 16 × 16 Monkhorst-Pack mesh of special k points [66]. The gap of BPh 
found at 0.1 eV was increased to the experimental value of 0.35 eV by a scissors operation. Partial 
joint density-of-states, JDOS [  → ], were also calculated from angular momentum 𝑙 = 𝑖 𝑙 = 𝑗
resolved partial density-of-states distributions. Anisotropic dielectric functions and energy loss 
functions of BPh were finally obtained for the principal directions of the crystal.
3.  Results
The bulk energy-loss function (averaged over the principal directions of the BPh crystal) is derived 
from HAXPES-PEELS data analysis and compared with the anisotropic electronic structure of BPh 
obtained from DFT calculations in order to discriminate collective vs single-particle loss 
mechanisms. The main loss peak is clearly a strong bulk plasmon at energy  ≈ 20 eV. 𝐸𝐵𝑃1
However, particular attention is given to the broad loss peak observed near 9 eV; this loss 
mechanism cannot be mistaken with the corresponding surface plasmon expected near  ≈ 14 eV 𝐸𝑆𝑃1
for an abrupt surface. As discussed in Section 4, it is attributed to a collective excitation mechanism 
since no significant inter band transition is expected at this particular energy. 
3.1 HAXPES-PEELS data analysis
Figure 2 shows the photoelectron current emitted from the black phosphorus crystal near normal 
emission angle, as a function of binding energy (BE). The P 1s core level peak is found at 
2144.04±0.05 eV (using Au 4f 7/2 BE of 84.0 eV), in excellent agreement with previous studies 
[55]. A series of equidistant replicas is observed on the low kinetic energy side of this zero-loss 
peak (ZLP, kinetic energy  ≈ 3870 eV). HAXPES shows multiple bulk plasmon excitations up to 𝐸0
sixth order, over a very wide energy range without overlap with any other core level peak (surface 
contaminants only occur at small BE, see inset of Fig. 2).
Energy loss spectra have been normalized at zero-loss peak energy (taken at P 1s peak maximum) 
after removal of a flat background (1.02×104 CPS in Fig. 2) taken from the high kinetic energy side 
of the ZLP. After subtraction of a symmetrical ZLP (Fig. 3), extrapolation of the low energy loss 
distribution gives a small finite gap value, EG = 0.3±0.1 eV; however, the remaining loss signal 
below 1 eV (not shown) is very sensitive to the precise adjustment of the ZLP position. The main 
asymmetric loss peak ( ) is identified as a bulk plasmon; the corresponding surface plasmon 𝐸𝐵𝑃1
excitation expected at energy  ≈ , for an abrupt surface, is merged with the broad bulk 𝐸𝑆𝑃1 𝐸𝐵𝑃/ 2
loss distribution. The loss feature near 9 eV will be attributed to a surface collective excitation (𝐸𝑆𝑃2
), as discussed in Section 4. Besides these collective excitation modes, single-electron transitions 
are expected in the low energy region, mainly below 10 eV, as shown in Section 3.2.   
Broad photoelectron energy loss features may be expected for several reasons: a) anisotropy in the 
loss function, b) dispersion of the plasmon energy as a function of the q wave vector magnitude (  𝑞
<  ), c) self-convolution of the ELF resulting from successive inelastic scattering events. In a first 𝑞C
step, the latter broadening effect is eliminated using the FT method described in Section 2.3. The 
FT algorithm includes a tunable noise filtering stage to obtain the energy loss function (Fig. 4a, 
black curve); the inset shows that multiple order losses have been properly suppressed over the 
whole spectrum up to 120 eV. Removal of second order losses results in narrower plasmon peak at 
20 eV along with better resolved energy loss peaks near 9 and 5.5 eV.
In a second step, analytic decomposition of the ELF of BPh, retrieved using the FT method, has 
been performed within a simple dielectric theory of plasmon excitation. Drude-Lorentz loss 
functions for bulk ( ) and surface ( ) excitations were adjusted to the ELF in the range 12-26 𝐸𝐵𝑃1 𝐸𝑆𝑃1
eV. Fast convergence is obtained for the BP peak parameters:  ≈ 20.1±0.2 eV, 1 ≈ 5.1±0.2 eV. 𝐸𝐵1
Although the surface plasmon intensity remains rather arbitrary at normal emission angle, in the 
absence of angular HAXPES data, the surface excitation probability (SEP1 = 𝐴SP1/( 𝐴SP1 + 𝐴ZLP) 
≈ 0.07±0.02) derived from the area of the positive part of SP1 ( ) relative to the ZLP area ( ) 𝐴SP1 𝐴ZLP
in Fig. 4b is consistent with Pauly’s model [46].    
The weaker collective excitation is described by a second Drude-Lorentz loss function, with  ≈ 𝐸2
10.0±0.3 eV, 2 ≈ 6.5±1 eV. Both position and width are constrained by the observed peak near 9 
eV and the intensity is chosen to obtain a monotonic decrease of the residual loss in the range 3-13 
eV (black curve in Fig. 4b). The residual signal above 13 eV (small peaks at 16 and 20 eV) shows 
some deviation of the BP1 line shape from a single Drude-Lorentz ELF.
After removal of the collective excitations in the ELF distribution, the residual energy losses show a 
broad structure made of several unresolved peaks below 10 eV (Fig. 4b) which represent weak 
contributions with respect to the collective excitations. The energy loss mechanisms in this energy 
region are attributed to inter band transitions between occupied VB states and unoccupied CB 
states. Although a decomposition is beyond the scope of this work, some interpretation is discussed 
in Section 4 using the orbital-resolved density of electronic states (Fig. 5a) and the dominant 
transition matrix elements for s and p orbitals (Fig. 5b), derived from DFT calculations. 
3.2  Electronic structure of the anisotropic BPh crystal
The DOS distribution in the valence and conduction bands and the dielectric function tensor of BPh 
obtained from ABINIT calculations are very similar to previous reports [1, 14]. The electronic 
structure characteristics along the principal axes: Re(), Im(), Im(-1/), are reported in figures 6a, 
6b and 6c respectively. 
In the calculated loss functions, Im( ), strong anisotropy is found at low energies, typically ―1/𝜀
below 4 eV, and weak anisotropy in the range 4-8 eV (not shown). The main loss peak is a bulk 
plasmon resonance located at very similar energy (  ≈ 19.8±0.2 eV) along the principal axes 𝐸𝐵𝑃1
(Fig. 6c). However, detailed examination shows that the BP1 peak is located at slightly higher 
energy for the armchair direction, while its width is larger for the zig-zag direction and smaller for 
the arm-chair direction. The BP1 plasmon peak asymmetry (skewed exponential on the low energy 
side) is found for all directions. Interestingly, in the zig-zag direction, oscillatory behavior near 𝑞 
the peak maximum and some loss feature near 15.5 eV may correspond to the deviation of PEELS 
experimental loss from a single Drude-Lorentz function, as observed in Fig. 4b.
The dielectric function of BPh calculated along the principal crystal axes shows a wide distribution 
of unresolved absorption peaks, the most prominent ones being located between 3.5 and 6 eV (Fig. 
6b). As a matter of fact, in (E) spectra, calculated inter band transitions in BPh appear to be quite 𝜀2
weak above 7 eV. Our DFT results indicate a weak feature at about 8 eV in the armchair (out-of-
plane) orientation, similar to previous results [14]; in contrast, first principles calculations [28] 
show no IBTs in  spectra for both in-plane orientations, in the range 6-10 eV. In conclusion, 𝜀2(𝐸)
since no IBT peak can be detected at 9 eV in Im( ) for all principal axes, the observed weak loss 𝜀
feature at 9 eV must have a collective excitation origin. 
4.  Discussion
Peaks in the energy loss function may be associated either with a plasmonic collective oscillation of 
valence electrons (Section 4.2) or with inter band transitions (Section 4.1). The former generally 
dominates among the inelastic scattering mechanisms. Collective and single electron phenomena 
can be discriminated if the dielectric function in the vicinity of such peaks is known, i.e. there is a 
peak in  due to some inter band transition when  crosses zero with a negative slope, whereas the 𝜀2 𝜀1
collective excitation with plasmon peak in the loss function Im(−1/ ) occurs when  crosses zero  𝜀 𝜀1
with a positive slope [40, 67]. In the latter case, if is not a small quantity, a plasma-like resonance 𝜀2 
condition is given by:
 (𝜀12 ― 𝜀22)𝑑 𝜀2𝑑𝜔 ― 2𝜀1 𝜀2𝑑 𝜀1𝑑𝜔 = 0
characterized by a broad and weak loss peak in Im(−1/ ). The width of this plasma-like resonance  𝜀
is approximately given by the inverse slope . Note that the condition  is retrieved (𝑑𝜀1/𝑑𝜔) ―1  𝜀1 = 0
for small  values and such singularity corresponds to charges that oscillate coherently and 𝜀2
collectively. Additional complexity is expected in anisotropic crystals, hence calculations of the 
band structure and optical properties are very useful in order to establish the collective character of 
the loss peaks or to assign the main IBTs to particular components of the  tensor. 𝜀
4.1   Interband transitions
The small electronic gap (0.3±0.1 eV) estimated from the experimental ELF data confirms the 
semiconducting character of BPh. The weak unresolved loss peaks observed in the raw HAXPES 
spectrum at low energy (1-8 eV) are well above the phonon excitation range [68]. Since bulk and 
surface plasmon excitations usually provide broad (several eV wide) spectral features, the rather 
sharp loss features observed in Fig. 3, particularly just above the onset of the energy loss spectrum, 
are tentatively attributed to inter band transitions between bonding 3s / 3p and antibonding 3s* / 
3p* orbitals. 
This hypothesis is confirmed by the spectral weight of inter band transitions (after subtraction of 
plasmon losses) with main peaks located at 2.6 eV, 3.4 eV and 5.1 eV (Fig. 4b). HAXPES data at 
low loss energy are qualitatively described by the sum of partial joint-density of states JDOS[  𝑙 = 1
→ ] + JDOS[  → ] + JDOS[  → ], divided by the squared energy value 𝑙 = 1 𝑙 = 1 𝑙 = 0 𝑙 = 0 𝑙 = 1
(Fig. 5b). Interestingly, good agreement with band structure calculations is obtained without any 
fitting parameter or selection rules. 
Using now the total JDOS, i.e. for transitions including all q values, as an approximation of the 
imaginary dielectric function, , the corresponding real part  has been derived from its 𝐼𝑚(𝜀) 𝑅𝑒(𝜀)
KK transform; the resulting loss function is very close to the BP1 loss distribution, both in peak 
energy and peak width (not shown). Consistency between the inter band transition distribution and 
the main plasmon excitation has finally been checked, and a satisfactory Bethe sum rule has been 
obtained for the number of electrons per atom (  = 4.8) involved in the BP resonance.  𝑁EFF
Some tentative identification of the observed inter band transitions at 2.6 eV, 3.4 eV, 5.1 eV, 8.0 eV 
in Fig. 4b, to their parent peaks in the respective anisotropic dielectric function indicates that all 
polarizations contribute to the losses: 
● the IBT at 2.6 eV is consistent with in plane armchair (q // c) contribution.  𝜀2 
● the IBT observed at 3.4 eV is attributed essentially to in-plane zig-zag (q // a) contribution. 𝜀2
● the IBT found at 5.1 eV is well-matched by the calculated out-of-plane  (q // b) response, and 𝜀2
possibly to the in-plane zig-zag (q // a) contribution.𝜀2
● the very weak IBT detected at 8.0 eV is consistent with some in plane armchair   (q // c) 𝜀2
contribution. 
In conclusion, this analysis shows the capabilities of HAXPES-PEELS studies for extracting 
spectroscopic information about multiple unresolved inter band transitions at low loss energies (1-
10 eV), after careful subtraction of the much stronger collective excitation modes.  
4.2   Plasmon excitations 
The energy loss of P 1s photoelectrons at energy  ≈ 20.1±0.2 eV is unambiguously identified as 𝐸B1
a bulk plasmon excitation, in good agreement with previous analysis of P 2s and P 2p core levels of 
BPh [14, 31-33]. Its position is consistent with the free electron gas value expected at  = 19.0 𝐸P FE
eV (Appendix A), which may be shifted upward by the inter band transitions according to (𝐸B1)2
, where is the average inter band transition energy. The BP1 peak width (1 = (𝐸P FE)2 + (𝐸IB)2 𝐸IB 
≈ 5.1±0.2 eV) is attributed to plasmon dispersion effects rather than electronic structure anisotropy; 
in EELS experiments, larger dispersion is found for the zig-zag direction as compared with the 
armchair direction [69-70].
The photoelectron inelastic mean free path between successive bulk plasmon excitations has been 
derived from this HAXPES-PEELS analysis. The IMFP, (  = 3870 eV) ≈ 6.8±0.5 nm, in BPh is 𝐸0
slightly smaller than the value, (  = 3870 eV) ≈ 7.7 nm, derived from the TPP-2M model [52]; 𝐸0
this discrepancy may be attributed to the large uncertainty in the  value (i.e. slope of 𝛽 (𝐸/𝜆𝐸2𝑃)
 ) which is a difference between small parameter values in the TPP model. In addition,  𝑣𝑠 𝐿𝑛(𝛾𝐸)
the TPP-2M formulae were established essentially for < 2 keV.𝐸0 
As far as the small loss peak near 9 eV is concerned, it must be assigned to a collective excitation 
since no inter band transition peak appears at this energy in the calculated Im( ). In this range, Re  𝜀 𝜀
≈ - 4 and depends weakly on energy in the range 7-10 eV (dashed horizontal line in Fig. 6a) 
excepted for the zig-zag orientation; since Re  does not cross the zero value, bulk collective 𝜀
excitations can be excluded. Surface collective modes are thus considered in the following. In 
contrast with the energy value,  14.2 eV, expected for an abrupt surface, the 𝐸S = 𝐸B / 2 =
resonance energy has an anomalously small value. Several tentative explanations may be suggested:   
a) interplay between surface plasmon and inter band transitions [33]: this hypothesis is not 
confirmed by the above DFT calculations
b) smooth drop of the electron density from its bulk value to zero [71]: multipole modes are 
found at larger loss energy than that of normal (monopole) surface plasmons
c) low surface electron density in the terminal monolayer of 2D quantum wells [72] 
d) anisotropic surface plasmon propagation in BPh [69-70] inducing a peculiar field 
distribution induced by the oscillating surface charges [73].
Additional geometrical effects due to reconstruction have not been considered yet, such as the 
buckling among the surface atoms and contraction (-5%) of the puckered  terminal layer, along with 
increased separation from bulk layers, as observed in photoelectron diffraction experiments [4].
4.3   Plasmons in 2D layered materials 
A valuable comparison can be made with other layered materials. In prototypical 2D materials, e.g. 
graphite or transition-metal dichalcogenides (NbSe2, MoS2) [42, 74, 75], calculated and 
experimental ELF consist of two prominent resonance features for in-plane-polarization that lie (i) 
below 10 eV and (ii) above 10 eV, while the former is absent in the out-of-plane polarization 
spectra. BPh properties are qualitatively similar to other layered materials where a low energy 
plasmon corresponds to the in-plane dielectric function in a region with large dielectric function 
anisotropy, whereas the dominant plasmon peak is located in a high energy region with small 
anisotropy. 
In graphite and in some TMD, both loss peaks have been clearly attributed to  plasmon and  
bulk plasmon resonances, while in other layered compounds (e.g. in NbSe2), it has been argued that 
both plasmons have  character [74]. In black phosphorus, a very weak (a few per cent of BP1 
intensity) bulk plasmon near 9 eV is obtained in DFT calculations, only along the zig-zag in plane 
direction, hence the observed loss peak at 9 eV in HAXPES is tentatively attributed to a surface 
collective resonance. 
5.  Conclusion
The electronic properties of BPh have been investigated using the photoelectron energy-loss 
distribution measured in HAXPES. In our experimental conditions, the distribution of momentum 
transferred to plasmon excitations provides an efficient averaging of the anisotropic ELF of BPh 
and additional randomization is expected from elastic scattering and multiple inelastic scattering. 
Using photoelectrons with kinetic energy favours the observation of weak inter band transitions 
(IBT) in the low loss-energy range, due to a decreased probability of exciting surface plasmon 
modes. The experimental ELF was compared with DFT calculated dielectric function and ELF 
tensors to discriminate collective vs single-particle loss mechanisms.
At higher loss energies, the ELF is dominated by a collective excitation of valence electrons at  𝐸𝐵𝑃1
≈ 20.1 eV; the large width of this bulk plasmon is attributed to dispersion effects (as a function of 
the wave vector  < ) since weak anisotropy is found in the DFT calculated Im( ) tensor. 𝑞 𝑞C ―1/𝜀
The anomalously small energy value,  ≈ 9 eV, of a weak surface plasmon resonance may arise 𝐸2
from low surface electron density in the terminal phosphorene layer or anisotropic surface plasmon 
propagation in BPh; elucidation of the origin of this surface mode requires additional angular 
photoemission experiments.
Subtraction of the spectral components related to collective excitations gives access to multiple 
unresolved inter band transitions, at lower loss energies (1-8 eV), which are well described by DFT 
calculated inter band transitions; the latter results show some anisotropy in the dielectric function 
 tensor of BPh and all polarizations contribute to the IBT losses. Consistency between the 𝜀(𝜔, 𝑞)
inter band transition distribution and the main plasmon excitation has been checked, leading to 
satisfactory Bethe sum rules. 
In conclusion, this study shows that HAXPES-PEELS combined with DFT calculations is a 
powerful tool for the investigation of electronic properties of crystalline solids. Some improvements 
in the method would require a quantum modeling of intrinsic and extrinsic plasmon excitations, 
including both volume and surface excitations, with a proper description of the dispersion effects.  
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Appendix A
Photoelectron inelastic scattering in anisotropic crystals
In this Appendix, we estimate the sensitivity of measured HAXPES-PEELS spectra to the material 
anisotropy. After elimination of multiple inelastic scattering events, one obtains the q-averaged bulk 
ELF, < Im(−1/ ) >q, this weighted average being obtained over the physically allowed space  𝜀(𝜔, 𝑞)
of q wave vectors. In photoelectron energy loss experiments, due to the longitudinal type of 
excitation, the direction of the wave vector q corresponds to that of the electric field E in the optical 
experiments. Photoelectron scattering in anisotropic solids is determined by the direction of the 
momentum  transferred to plasmon excitations with respect to the principal axes of the crystal; it 𝑞
depends on scattering angle, energy loss value and initial direction of the photoelectron. Hence, due 
to the biaxial anisotropy of the dielectric function of BPh, the measured ELF will depend on the 
geometry of the HAXPES-PEELS experiment.
Several factors are considered including X-ray incidence, X-ray polarization, photoemission angle, 
photoelectron kinetic energy (Section a) along with the critical scattering angle in the plasmon 
excitation (Section b). Photoelectron spectroscopy at normal emission angle generally coincides 
with the out-of-plane direction (z = c axis in graphite, z = b axis in the orthorhombic BPh crystal). 
In a single inelastic scattering event, energy and momentum conservation rules define the direction 
of the q wave vector transferred to the plasmon, with respect to the principal axes of the crystal 
(Section c). In anisotropic solids, the measured "effective" ELF thus depends on the energy loss 
value and it is averaged over scattering angle distribution and initial photoelectron direction. 
Depending on material composition and photoelectron kinetic energy, elastic scattering may have 
additional randomizing effect on the q wave vector orientation (Section d). The relative importance 
of each mechanism is illustrated by considering HAXPES data for P 1s photoelectrons in BPh.
a) Differential photoelectric cross section 
For a linearly polarized X-ray beam, the angular distribution of photoelectrons is given by the 
differential photoelectric cross-section [53]:
𝑑𝜎𝑛𝑙
𝑑𝛺 =  (𝜎𝑛𝑙4𝜋)[1 + 𝛽𝑛𝑙2 (3𝑐𝑜𝑠2𝜓 ― 1)]
where  is the angle between X-ray polarization and electron emission directions. In this study, for 𝜓
grazing X-ray incidence and polarization normal to the surface, emission of primary photoelectrons 
is maximized at normal emission ( ). For the P 1s core level (subshell anisotropy parameter  𝜓 = 0 𝛽𝑛𝑙
), the square bracket  at normal emission and drops by 10% at ± 18°. Since, for = 2 [1 + 𝛽𝑛𝑙] = 3
each loss energy value, the measured electron flux is averaged over the acceptance angle ( ), ± 𝜗ACC 
this slight anisotropy in photoelectric cross section is neglected. 
b) Critical scattering angle in BPh
Inelastic scattering angles are limited to a narrow angular range ( ) due to plasmon decay into 𝜗 < 𝜗C 
electron-hole pairs; this critical angle is important to obtain the kinematic factor or Bethe-Born 
factor for normalization of the loss energy dependence [57-59]. Considering BPh as a nearly free 
electron metal with five valence electrons and atom density  = 5.23×1028 m-3, the resulting 𝑁AT 
Fermi energy  = 14.9 eV is in reasonable agreement with recent calculations [25]. The free 𝐸F 
electron plasmon energy is expected at  = 19.0 eV, hence = 12.7 nm-1. For P 1s core level 𝐸P FE 𝑞C 
photoelectrons excited by hard X-rays at 6015 eV ( = 3870 eV), the critical scattering angle is 𝐸0
 40 mrad (2.3°).   𝜗C = (𝑞C /𝑘0 ) =
c) Transferred wave vector orientation 
In order to estimate the sensitivity of HAXPES-PEELS to crystal anisotropy, we consider here a 
single inelastic event (i.e. neglecting elastic scattering and multiple inelastic scattering) defined by 
the initial ( ) and final ( ) values of the photoelectron wave vector and kinetic energy, 𝑘0, 𝐸0 𝑘1, 𝐸0 ―𝑇
corresponding to a scattering angle  = ( , ). Energy and momentum conservation rules provide 𝜗 𝑘0 𝑘1
the momentum  transferred to a bulk plasmon:𝑞
𝑞2 = 2 𝑘02[1 ―  𝜗T ― (1 ― 2 𝜗T )1/2𝑐𝑜𝑠(𝜗)] 
and its components oriented parallel and perpendicular to the incident trajectory ( ), respectively:𝑘0
    and   (𝑞 ∥ ) =   𝑘0 ―  𝑘1cos 𝜗 ≈  𝜗T 𝑘0 (𝑞⏊) =   𝑘1 𝑠𝑖𝑛 𝜗 ≈  𝜗 𝑘0
where  As the electron scattering angle increases, the direction of momentum   𝜗T =  (𝑇/2𝐸0). 
transfer q changes from being parallel to perpendicular to the initial electron trajectory, with a 
cross-over at  = . In HAXPES experiments, the large photoelectron kinetic energy leads to 𝜗 𝜗T 
small values of the parallel wave vector component ( ), hence significant scattering probability 𝑞  
will be limited to small q values with a probability given by the kinematic factor .𝜗/( 𝜗T2 + 𝜗2)
In BPh, the initial kinetic energy, = 3870 eV, and wave vector,  = 218.3 nm-1, are given by the 𝐸0 𝑘0
binding energy of P 1s photoelectrons. For plasmon excitation energy  = 20 eV,  = 2.6 𝑇 = 𝐸P 𝜗𝑇
mrad (0.15°) and the physically allowed wave vector values are between  = 0.84 nm-1 (  = 0) 𝑞 ― 𝜗
and  = 12.7 nm-1 (  = 40 mrad).  𝑞C 𝜗𝐶
The q wave vector components parallel and perpendicular to the incident photoelectron wave vector 
( ), provide its projections onto the principal axes of the anisotropic crystal. For an angle 𝑘0 (𝛼) 
between the out-of-plane z axis and the incident electron , the components of the transferred wave 𝑘0
vector, q, along the directions parallel and perpendicular to the z axis being ( ) = 𝑞z  𝑞 ∥ 𝑐𝑜𝑠(𝛼) + 𝑞⏊
 and ( ) = , its orientation with respect to the out-of-plane z axis, 𝑠𝑖𝑛(𝛼) 𝑞xy  𝑞 ∥ 𝑠𝑖𝑛(𝛼) ― 𝑞⏊𝑐𝑜𝑠(𝛼)
given by the angle  = ( , q), depends on the initial kinetic energy ( ) and the loss energy ( ) 𝛽 𝑧 𝐸0 𝑇
through  : 𝜗T = (𝑇/2𝐸0)
𝑐𝑜𝑠(𝛽) = [𝑞z𝑞 ] =  𝜗T 𝑐𝑜𝑠(𝛼) +  𝜗 𝑠𝑖𝑛(𝛼)[ 𝜗T2 +  𝜗2]1/2
As shown in Fig. A1, in single inelastic scattering, the in-plane orientation (   0) is expected 𝑐𝑜𝑠𝛽 ≈
at very small loss energy or large scattering angle. As a consequence, in HAXPES, high kinetic 
energy values, , favor in-plane orientations of the momentum transferred to plasmon excitations. 𝐸0
However, a weak dependence of cos  on the initial orientation of the initial photoelectron direction  𝛽
(angle  between  and z-axis up to 40°) is found, as illustrated for  = 8 mrad (set of red curves). 𝛼 𝑘0 𝜗
Since the scattering angle probability is given by the kinematic factor  which is 𝜗/( 𝜗T2 + 𝜗2)
maximum near , a narrow range of scattering angles (shown as bold vertical lines in Fig. A1)  𝜗T
dominates the scattered intensity, e.g. 2 mrad <   < 4 mrad at 20 eV, corresponding to  values in 𝜗 𝛽
the range 30°-60°. Hence, in HAXPES experimental conditions, plasmon excitation provides an 
efficient averaging of the anisotropic dielectric properties of BPh. 
d) Influence of elastic scattering  
The measured XPS spectrum contains photoelectrons which have suffered elastic scattering events 
before or after plasmon excitation. In contrast with inelastic electron scattering, elastic scattering is 
a broad-angle mechanism which contributes to some additional randomization. The differential 
elastic cross-section for P 1s photoelectrons (  = 3870 eV) at small elastic scattering angles [76] is 𝐸0
approximated by a Gaussian with half width = 3° = 52 mrad; the latter is significantly wider than  𝜗E 
the angular distribution allowed for plasmon excitation ( = 40 mrad). 𝜃 <  𝜗C 
In XPS experiments, elastic deflections increase the electron path length through the solid before 
escaping the solid surface [77]. For high energy photoelectrons, this effect can be safely neglected 
because the differential cross section is strongly peaked in the forward direction; in addition, for 
HAXPES of BPh, the total elastic cross section,   at = 3870 eV, is rather small 𝜎E(𝑃) = 1.86 𝑎20 𝐸0
[76]. This situation is typical of atoms with low Z value. 
Elastic scattering may have important consequences in anisotropic crystals because it contributes to 
broaden the initial wave vector distribution of photoelectrons measured along a given direction [59]. 
The mean free path between elastic scattering events,  = 4.12 nm, obtained from the (𝜎E 𝑁AT ) ―1
atom density  = 5.23×1028 m-3, is smaller than the photoelectron IMFP, (  = 3870 eV) ≈ 7.7 𝑁AT 𝐸0
nm in BPh ([52]). Hence, statistically, most photoelectrons which have excited one plasmon have 
also experienced at least one elastic scattering before or after the inelastic scattering event. This 
effect increases after multiple plasmon excitations, for photoelectrons originated from deeper 
positions in the crystal. However, in this work, since the acceptance angle of the analyser,  = ± 𝜗ACC 
16°, is much wider than , the measured photoelectron flux includes multiple elastic scattering  𝜗E 
events and fully incorporates their randomizing effect. 
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Fig. 1. Schematic illustration of the atomic structure and principal axes of the orthorhombic BPh 
crystal (in-plane armchair c = x, in-plane zig-zag a = y, out-of-plane b = z): (a) Side view (bc plane) 
showing three bilayers (or three phosphorene layers). The P atoms are shown in different gray 
scales for clarity. (b) Top view (ac plane) showing two bilayers and the in-plane unit cell. Adapted 
from de Lima et al. [4].
Fig. 2. HAXPES current (logarithmic scale) as a function of apparent binding energy (with respect 
to the Fermi level) for P 1s core level photoelectrons emitted at normal emission angle from a 
cleaved black phosphorus crystal. Inset: surface-sensitive spectrum obtained at lower X-ray energy 
(3100 eV) showing weak surface contamination, C 1s and O 1s (log scale).  
Fig. 3. Normalized HAXPES-PEELS spectrum of P 1s photoelectrons in BPh, before and after 
removal of a symmetrical ZLP (blue line); the onset of energy losses is linearly extrapolated to EG ≈ 
0.3 eV. High energy collective excitations include a bulk plasmon peak BP1 at 20 eV. Low energy 
losses are attributed to inter band transitions (labelled according to the residual signal obtained in 
Fig. 4b). 
Fig. 4. a) Raw HAXPES data (red) and single energy loss function (black) of BPh derived from the 
FT method. b) Analytic decomposition of the ELF into bulk and surface plasmon excitations. The 
residual signal (black curve) is attributed to inter band transitions up to 10 eV, and to some 
deviation of the BP1 line shape from a single Drude-Lorentz ELF at and below 20 eV.
Fig. 5. a) DFT calculated density of states; b) Comparison of inter band transition momentum ( , 𝑀11
, , ) derived from the joint-density-of-states with the low energy ELF in PEELS.𝑀10 𝑀01 𝑀00
Fig. 6. ABINIT calculation of the anisotropic electronic structure of BPh: Re(), Im(), Im(-1/). 
The ELF (BP1) is slightly broader for the zig-zag (y = a) direction. The star symbol emphasizes the 
location of the observed anomalous surface plasmon near 9 eV.
Fig. A1. Spectral dependence of the orientation of the wave vector, q =  - , transferred to (𝑘0 𝑘1)
plasmon excitation (angle  with respect to the z normal-axis) as a function of scattering angle (  < 𝛽 𝜗
). The weak dependence of cos  on the initial orientation of the photoelectron direction (angle  𝜗𝐶  𝛽 𝛼
between  and z-axis) is shown for  = 8 mrad. The scattering angle probability given by the 𝑘0 𝜗
kinematic factor  being maximum near , a narrow range of scattering angles (bold 𝜗/[ 𝜗T2 +  𝜗2]  𝜗T
vertical lines) dominates the scattered intensity, e.g. 2 mrad <   < 4 mrad at 20 eV. In HAXPES 𝜗
experimental conditions, plasmon excitation provides efficient averaging of the anisotropic 
dielectric properties
-10 -5 0 5 10 15 20 25 30 35
0.00
0.05
0.10
8.0
Collective Electron
Excitations (plasmons)
2.6
X 2.5Inter BandTransitions
EBP1+ ESP2
P 1s
ESP1
EG
5.1
3.4
Loss energy (eV)
 
 
N
o
r
m
a
l
i
z
e
d
 
H
A
X
P
E
S
 
i
n
t
e
n
s
i
t
y
 
EBP1  
ESP2  
 
 
Highlights 
 
•  Energy loss distribution of P 1s photoelectrons in black phosphorus  
•  Energy loss function due to plasmon excitations and inter band transitions 
•  Anomalous surface plasmon resonance at 9 eV 
•  DFT calculated ELF tensor vs measured ELF 
 
 
 
 
 
 
 
 
 
Figure 1:  Schematic illustration of the atomic structure and principal axes of the orthorhombic BPh crystal 
(in-plane armchair c = x, in-plane zig-zag a = y, out-of-plane b = z): (a) Side view (bc plane) showing three 
bilayers (or three phosphorene layers). The P atoms are shown in different gray scales for clarity. (b) Top 
view (ac plane) showing two bilayers and the in-plane unit cell. Adapted from de Lima et al. [4]. 
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Figure 2: HAXPES current (logarithmic scale) as a function of apparent binding energy (with respect 
to the Fermi level) for P 1s core level photoelectrons emitted at normal emission angle from a cleaved 
black phosphorus crystal. Inset: surface-sensitive spectrum obtained at lower X-ray energy (3100 eV) 
showing P 2p and P 2s core levels (along with their respective plasmons) and weak surface 
contamination, C 1s and O 1s (log scale).  
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Figure 3: Normalized HAXPES-PEELS spectrum of P 1s photoelectrons in BPh, before and after 
removal of a symmetrical ZLP (blue line); the onset of energy losses is linearly extrapolated to EG ≈ 
0.3 eV. High energy collective excitations include a bulk plasmon peak BP1 at 20 eV along with 
surface excitations (see text). Low energy losses are attributed to inter band transitions (labelled 
according to the residual signal obtained in Fig. 4b).  
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Figure 4: a) Raw HAXPES data (red) and single energy loss function (black) of BPh derived from 
the FT method. b) Analytic decomposition of the ELF into bulk and surface plasmon excitations. 
The residual signal (black curve) is attributed to inter band transitions up to 10 eV, and to some 
deviation of the BP1 line shape from a single Drude-Lorentz ELF at and below 20 eV. 
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Figure 5: a) DFT calculated density of states; b) Comparison of inter band transition momentum 
(ܯଵଵ, ܯଵ଴, ܯ଴ଵ, ܯ଴଴) derived from the joint-density-of-states with the low energy ELF in PEELS. 
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Figure 6: ABINIT calculation of the anisotropic electronic structure of BPh: Re(), Im(), Im(-1/). 
The ELF (BP1) is slightly broader for the zig-zag (y = a) direction. The star symbol indicates the 
location of the observed anomalous surface plasmon near 9 eV. 
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Figure A1 : Spectral dependence of the orientation of the wave vector, q = ሺ݇଴ - ݇ଵሻ, transferred to 
plasmon excitation (angle ߚ with respect to the z normal-axis) as a function of scattering angle (ߴ < 
ߴ஼). The weak dependence of cos	ߚ on the initial orientation of the photoelectron direction (angle ߙ 
between ݇଴ and z-axis) is shown for ߴ = 8 mrad. The scattering angle probability given by the 
kinematic factor ߴ/ൣ	ߴ୘ଶ 	൅	ߴଶ൧ being maximum near	ߴ୘, a narrow range of scattering angles (bold 
vertical lines) dominates the scattered intensity, e.g. 2 mrad <  ߴ < 4 mrad at 20 eV. In HAXPES 
experimental conditions, plasmon excitation provides efficient averaging of the anisotropic 
dielectric properties. 
 
